The ionic liquid 1-ethyl-3-methylimidazolium methanesulfonate ([EMIM][MeSO 3 ]) has been considered as a promising alternative desiccant to triethylene glycol and lithium bromide commonly used in the industry. In this paper, the water activity coefficient of this binary system was measured from 303 K to 363 K with water concentration from 18% to 92%. The interaction energies between the ionic liquid molecules (g 22 ) and between the ionic liquid and water molecules (g 12 ) for the [EMIM][MeSO 3 ]/water binary system were determined from the water activity coefficient data using the Non-Random Two-Liquid (NRTL) model. The magnitude of the interaction energy between the [EMIM][MeSO 3 ] and water molecules (g 12 ) was found to be in the range of 45~49 kJ/mol, which was about 20% larger than that between the water molecules (g 11 ) in the [EMIM][MeSO 3 ]/water system. The large (g 12 ) can explain many observed macroscopic thermodynamic properties such as strong hygroscopicity in the ionic liquid [EMIM][MeSO 3 ]. These interaction energies were used to determine the heat of desorption of the [EMIM][MeSO 3 ]/water system, and the obtained heat of desorption was in good agreement with that calculated from the conventional Clausius-Clapeyron Equation.
activity coefficients data. These interaction energies were used to determine the heat of desorption of the [EMIM] [MeSO 3 ]/water system, which was in good agreement with those calculated from the Clausius-Clapeyron Equation. A formula to predict heat of desorption from the interaction energies was also developed for the binary systems.
Theoretical Background
Water activity coefficient. The activity coefficient of water γ H o 2 is a fundamental thermodynamic parameter that accounts for deviations from ideal behavior in non-ideal solutions, such as the aqueous ionic liquid solutions, which is defined as 7, 8 : where p H O, ideal 2 and p H O,non ideal 2 are the partial pressure of water above the ideal and non-ideal aqueous solutions, respectively, p H O, sat 2 is the saturation pressure of pure water, and x H O 2 is the molar fraction of water in the aqueous solutions. In Eq. (1), the ratio p p / H O,non ideal H O,sat 2 2 is the relative humidity (RH) of the non-ideal aqueous solutions. In the ideal aqueous solutions, the partial pressure of water can be described by Raoult's law 7 : 3 ] and water is significantly stronger than those between water and water. A small value of water activity coefficient γ H O 2 indicates a large intermolecular force between water and ionic liquid molecules and strong hygroscopicity for water absorption. The water activity coefficient at infinite dilution γ ∞ H O, 2 is often used for the comparison of the hygroscopicity or absorption strength of different desiccants 7 .
Non-random two-liquid (NRTL) model. The NRTL model [17] [18] [19] [20] correlates the activity coefficients γ i of a compound i with its mole fractions x i in the liquid solutions: where the subscripts 1 and 2 refer to component 1 and component 2 in the binary solution, respectively, ∆ − g 12 11 and ∆ − g 12 22 are the exchange in the interaction energy between molecules, α 12 is the non-randomness parameter, R is the molar gas constant, and T is the absolute temperature. In the case of infinite dilution, the NRTL equations reduce to 
2, 12 22 12 11 12 12 11 The water activity coefficient at infinite dilution γ ∞ H O, 2 can be used to compare the hygroscopicity or absorption strength of different desiccants.
In the NRTL model, the exchange in the interaction energy ∆ = − − g g g 12 11 12 11 , which is the interaction energy change as a result of breaking a 1-1 interaction g 11 and forming a 1-2 interaction g 12 3 ]/water binary system. The interaction energy between the ionic liquid and water molecules g 12 can be determined using the formula: = ∆ + − g g g 12 12 11 11 if the interaction energy between water molecules g 11 is known. Similarly, the interaction energy between the ionic liquid molecules g 22 can be determined by = ∆ + − g g g 22 12 22 12 . These molecular interaction energy properties are related to many macroscopic thermodynamic properties such as heat of desorption, heat capacity, hygroscopicity, and water vapor pressure. One application of these molecular interaction energies is that they can be used to predict the heat of desorption of the aqueous ionic liquid solutions with water concentration from 0% to 100%. In comparison, the Clausius-Clapeyron Equation determines the heat of desorption at the water concentration where the vapor pressure and temperature are known.
(VLE) data (p and T) to the thermodynamic property, enthalpy of vaporization (∆H v ), which is given by 21
v where p is the vapor pressure at the temperature T, ∆H v is enthalpy of vaporization, R is the molar gas constant, and C is a constant. In Eq. (7), ∆H v is assumed to be independent of T. 
where a is the temperature coefficient. So the modified Clausius-Clapeyron Equation for the ionic liquid solutions can be written as follows:
Therefore ∆H v can be determined from Eqs. (8) and (9) when the VLE data are measured.
Uncertainty calculation. The experimental uncertainty in this experiment is estimated using the root-sum-square method suggested by Moffat 23 :
In particular, whenever the equation describing the result is a pure "product form", as shown in Eq. (11):
the relative uncertainty can be calculated by Eq. (12):
Experimental Methods
Materials. The Table 3 . It is found that the limiting water activity coefficients γ ∞ H O, 2 is in the range of 0.102 to 0.151 at temperatures from 303 K to 363 K, more than 4 times lower than that for triethylene glycol, which indicates that around 0.20 that was determined using the boiling point method. Domanska et al. 16 reported the γ ∞ H O, 2 in the range 0.071~0.088, which were determined with the gas-liquid chromatography method. In this study, the limiting water activity coefficients γ ∞ H O, 2 was found to be in the range of 0.102 to 0.151 at temperatures from 303 K to 363 K. The differences in the reported γ ∞ H O, 2 data might be due to the different measurement techniques.
Interaction energy between molecules and non-randomness parameters. The exchange in inter-
action energy ∆ − g 12 11 , and ∆ − g 12 22 12 11 and ∆ − g 12 22 decreases with increasing temperature, which could be attributed to the increasing thermal motion of the molecules 18 .
For comparison, the exchange in interaction energy ∆ − g 12 11 and ∆ − g 12 22 in some other ionic liquids/water binary solutions were summarized in Table 5 19, 20, 24, 25 . It should be noted that the ∆ − g 12 11 in the [EMIM][MeSO 3 ]/ water binary solution was found to be larger than that in 1-ethyl-3-methylimidazolium ethylsulfate ([EMIM] [EtSO 4 ])/water solution 25 , which is another promising ionic liquid for moisture removal and shares similar chemical structure 26, 27 . The difference in interaction energy may result from the shorter alkyl group in [EMIM][MeSO 3 ] anion, which is favorable for the bonding with water molecule 28, 29 .
The interaction energy between water molecules g 11 is the molar vaporization energy of water (i.e., cohesive energy) but has a negative sign on it 30 , which is available in liteature 31 . The interaction energy between the ionic liquid and water molecules g 12 can be calculated using the formula: = ∆ + − g g g 12 12 11 11 . Similarly, the interaction energy between the ionic liquid molecules g 22 can be determined by = ∆ + − g g g 22 12 22 12 . The obtained interaction energies g g , 11 12 and g 22 are summarized in Table 4 . These molecular interaction energies have negative signs due to the intermolecular attractive forces. It is found in Table 4 that the molecular interaction energies become less negative when the temperature increases. The magnitude of the interaction energy between the [EMIM] [MeSO 3 ] and water molecules was found to be in the range of 45~49 kJ/mol, which was 20% larger than that www.nature.com/scientificreports www.nature.com/scientificreports/ between the water molecules in the [EMIM][MeSO 3 ]/water system. The large interaction energy between the ionic liquid [EMIM][MeSO 3 ] and water molecules can explain many reported macroscopic thermodynamic properties, such as small water activity coefficient and strong hygroscopicity.
The parameters α 12 is related to the non-randomness in the liquid mixture; when α 12 is zero, the local distribution around the center molecule is completely random. The non-randomness parameters α 12 in the [EMIM] [MeSO 3 ]/water binary solutions were found to be around 0.5, as shown in Table 4 . The values of α 12 are generally consistent with those reported for other water/hygroscopic ionic liquid binary solutions 17, 20, 24 . The non-zero α 12 in the [EMIM][MeSO 3 ]/water binary solutions are mainly due to the difference in interaction energy and size between water and [EMIM][MeSO 3 ].
The extent of the correlation between the experimental data and the NRTL model was evaluated by calculating the absolute relative deviation (ARD) 24 
where n is the number of data points, γ exp is the γ value calculated from experimental data, and γ NRTL is the γ value calculated from the NRTL model. The values of ARD are also listed in Table 4 , which implies a satisfactory correlation in the test temperature range.
Heat of desorption. One application of these molecular interaction energies is that they can be used to determine the heat of desorption of the aqueous ionic liquid solutions. The internal energy in the aqueous ionic liquid solution U l is the sum of the excess internal energy of the solution U E and the molar internal energy of the pure component U i :
where n 1 and n 2 are the mole number of component 1 (i.e., water) and component 2 (i.e., ionic liquid), respectively. In the evaporation process, the intermolecular interaction energy is dominant, and therefore the intramolecular interaction energy can be neglected in the internal energy. The excess internal energy of the aqueous ionic liquid solution U E can be evaluated as 18,32 : where g 11 and g 22 are the molar interaction energy between water molecules and between the ionic liquid and water molecules, respectively, and g (1) and g (2) represent the molar residual Gibbs energy for molecule cells having component 1 and component 2 at the center respectively 33 . g (1) and g (2) can be calculated as: where x 11 , x 22 , x 21 and x 12 represent the local mole fractions. For example, x 21 is the local mole fraction of component 2 around the center component 1. x 21 Differentiating Eq. (14) leads to the change of internal energy in the liquid solution for the evaporation of one mole of water: 
